Paxillins are a family of conserved LIM domain-containing proteins that play important roles in the function and integrity of the actin cytoskeleton. Although paxillins have been extensively characterized by cell biological and biochemical approaches, genetic studies are relatively scarce. Here, we identify and characterize a paxillin-related protein Pxl1p in the fission yeast Schizosaccharomyces pombe. Pxl1p is a component of the fission yeast actomyosin ring, a structure that is essential for cytokinesis. Cells deleted for pxl1 display a novel phenotype characterized by a splitting of the actomyosin ring in late anaphase, leading to the formation of two rings of which only one undergoes constriction. In addition, the rate of actomyosin ring constriction is slower in the absence of Pxl1p. pxl1⌬ mutants display strong genetic interactions with mutants defective in IQGAP-related protein Rng2p and mutants defective in components of the fission yeast type II myosin machinery. Collectively, these results suggest that Pxl1p might cooperate with type II myosin and Rng2p-IQGAP to regulate actomyosin ring constriction as well as to maintain its integrity during constriction.
INTRODUCTION
Paxillins are a class of focal adhesion proteins that play important roles in linking the extracellular matrix with the actin cytoskeleton in mammalian cells (Brown and Turner, 2004) . In recent years, paxillins have also been identified in unicellular organisms, such as the budding yeast Saccharomyces cerevisiae and the slime mold Dictyostelium discoideum (Gao et al., 2004; Mackin et al., 2004; Bukharova et al., 2005) . Previous studies in different organisms have shown that paxillins are required for cell migration and polarized cell growth (Brown and Turner, 2004) . Our understanding of the function of paxillins has been advanced mostly by cellular and biochemical approaches. However, genetic analysis of paxillin function is relatively scarce.
In recent years, the fission yeast Schizosaccharomyces pombe has become an attractive model organism for the study of the actin cytoskeleton, because of its uniform actin-dependent growth pattern and division using an actomyosinbased contractile ring (Chang and Peter, 2003; Balasubramanian et al., 2004) . The ability to carry out genetic analysis as well as the availability of mutants affecting the actin cytoskeleton have furthered the use of fission yeast as an attractive organism for the study of the actin cytoskeleton.
S. pombe cells are cylindrical and grow from the cell ends and divide in the medial region (Marks et al., 1986) . During growth F-actin is detected at the cell ends as patches and in the form of cables along the long axis of the cell. Maintenance of cylindrical shape and directionality of growth requires F-actin and proteins such as Bud6p, For3p, Cdc42p, and Sla2p, which interact with or affect the actin cytoskeleton (Miller and Johnson, 1994; Feierbach and Chang, 2001; Glynn et al., 2001; Nakano et al., 2002; Castagnetti et al., 2005; Ge et al., 2005) . Mutants defective in the function of these genes display abnormal growth patterns, leading to the formation of bent, branched, and spherical cells. On entry into mitosis, actin patches disappear from the cell ends, and reorganization of F-actin leads to the formation of an actomyosin ring structure in the middle of the cell. Position of the actomyosin ring is determined by the position of interphase nucleus and requires an anillin-related protein, Mid1p, which can shuttle out of the nucleus and interact with the type II myosin (Chang et al., 1996; Sohrmann et al., 1996; Motegi et al., 2004) . Assembly of the actomyosin ring requires a number of proteins including Cdc3p, Cdc4p, Cdc8p, Cdc12p, Cdc15p, Myo2p, Rlc1p, Rng2p, and Rng3p , and these proteins are incorporated into the ring structure in a strict order (Wu et al., 2003; Balasubramanian et al., 2004) . Constriction of the actomyosin ring requires a conserved GTPase-driven signaling pathway called septation initiation network (SIN) . SIN components include a GTPase Spg1p, a GTPase-activating protein complex composed of Cdc16p and Byr4p, several protein kinases and regulatory subunits such as Cdc7p, Sid1p, Sid2p, Cdc14p, and Mob1p, and two scaffold proteins Sid4p and Cdc11p (Simanis, 2003; Krapp et al., 2004; Wolfe and Gould, 2005) . After ring constriction a division septum grows inward from the cell cortex upon invagination of the cell membrane (Ishiguro, 1998) . Physical cell separation occurs under strict transcriptional control and also requires vesicle trafficking and the integrity of F-actin (Bahler, 2005; Sipiczki, 2007) .
In this study, we report the identification and characterization of a novel paxillin-related protein Pxl1p in fission yeast. We show that Pxl1p, a component of the actomyosin ring, is important for the integrity of the ring as well as for its proper constriction. Genetic analyses indicate that Pxl1p might regulate actomyosin ring function by interacting with myosin II and the IQGAP-related protein Rng2p.
MATERIALS AND METHODS

Strains, Media, and Growth Conditions
All S. pombe strains used in this study are listed in Table 1 . Yeast cells were grown in rich medium (YES) or minimal medium (MM) with appropriate supplements. Genetic crosses were performed on mating plates (YPD) and double mutants were constructed by tetrad analysis. Yeast transformation was done by lithium acetate method (Okazaki et al., 1990) . Other general yeast techniques were carried out using standard methods (Moreno et al., 1991) . For experiments using plasmids containing the nmt81 promoter, cells were grown to log-phase in minimal medium containing 2.5 M thiamine and then were washed three times and reinoculated in fresh minimal medium (without thiamine). The exception is the strain pxl1⌬ with the plasmid pREP81-GFPpxl1-C (see below), which was completely grown in minimal medium with 2.5 M thiamine. Latrunculin A (LatA; BIOMOL Research Lab, Plymouth Meeting, PA) was added in cell culture at a final concentration of 25 M to disrupt actin structures, and 100 g/ml brefeldin A (BFA; B-7450; Molecular Probes, Eugene, OR) was used to block vesicle trafficking.
Gene Deletion, GFP/mCherry-Tagging, and Plasmids
The entire pxl1 open reading frame was replaced by ura4 gene using homologous recombination (Bahler et al., 1998) . The primers MOH2601 (TGATT-TCTTAAGGTTGTCAACGATCCTGAATTCTTTCCGTTGATTAGTGTCCTG-ATAGTTGAGAAGCATATCAGCAAAGTAATACGACTCACTATAGGGC) and MOH2602 (TCCTTATAAAGCTAAAATCGATGAAAGAAGTGAAAA-AATAACAAAAAAAAAAGAAAAAGAAAGTGATGAGTAAGTCTGAGA-ATTAACCCTCACTAAAGGG) were used to amplify the ura4 cassette from the plasmid pCDL126 (containing ura4 gene in pBSKϩ vector). PCR products were transformed into a diploid wild-type strain (ura4-D18/ura4-D18, leu1-32/ leu1-32, ade6-210/ade6-216) . A haploid pxl1⌬ strain was obtained by tetrad dissection. To delete the C-terminal LIM domains of pxl1, we first cloned a genomic fragment (nucleotide sequence between 182 and 821 base pairs) of pxl1 plus a stop codon into the pJK210 vector with the restriction enzyme sites XhoI/XbaI using the primers MOH2612 (CCGCTCGAGTAAGATGGAG-CACTTAACTTTAC) and MOH2613 (GCTCTAGATTATTCAGAATTGC-CTCTATAAAG), and the obtained plasmid pCDL1162 was linearized with EcoRI and transformed into a haploid wild-type strain (MBY192). For the pxl1-5Gly-GFP strain, a 0.8-kb C-terminal fragment of pxl1 was amplified using the primers MOH2577 (CGGGGTACCTAATTGTTGATCATGATTG-CATTG) and MOH2618 (TCCCCCGGGTCCTCCTCCTCCTCCATCCAAA-TTAAACTTGACTG), and it was subcloned into the pJK210-GFP vector after being digested with restriction enzymes KpnI/SmaI. The obtained plasmid pCDL1139 was linearized with AflII and transformed into a haploid wild-type strain (MBY102 or MBY192). For the rlc1-mCherry strain, a 0.5-kb fragment of rlc1 was amplified using the primers MBY461 (GAGAGCTGGTAC-CTGAATGTTCTCTTCGAAGGAA) and MBY462 (GAGAGTGCCCGGGAT-TGCTATCTTTTGACCC), and it was subcloned into the pJK210-mCherry vector (a gift from S. Oliferenko, Temasek Life Sciences Laboratory, Singapore) after being digested with restriction enzymes KpnI/SmaI. The obtained plasmid pCDL1269 was linearized by partial digestion with BamHI and transformed into a haploid wild-type strain (MBY102 or MBY103). Correct transformants were confirmed by colony PCR. To construct the plasmid pREP81-pxl1 (pCDL1166), the full-length of pxl1 cDNA was amplified from a cDNA library using the primers MOH2614 (CGGCATATGCATTCACCAAT-TCCAG) and MOH2615 (CGCGGATCCTTAATCCAAATTAAACTTG) and subcloned into the pREP81 vector after digested with restriction enzymes NdeI/BamHI. Similarly, two other plasmids pREP81-pxl1-N (pCDL1167, Nterminal part: 1-765 base pairs) and pREP81-pxl1-C (pCDL1168, C-terminal part: 766-1317 base pairs) were constructed using the primers MOH2614 and MOH2616 (CGCGGATCCTTATTCAGAATTGCCTCTATAAAG), and the primers MOH2617 (CGGCATATGAAATCCTGTCATAGTTGCG) and MOH2615, respectively. To construct the green fluorescence protein (GFP) expression plasmids, a GFP fragment was inserted into the NdeI site of these plasmids to yield the plasmids pREP81-GFP-pxl1 (pCDL1183), pREP81-GFP-pxl1-N (pCDL1184), and pREP81-GFP-pxl1-C (pCDL1185). All plasmids were transformed into the pxl1⌬ strain (MBY3953).
Microscopy
Fluorescence microscopy was performed as described previously (Balasubramanian et al., 1997 . Images were captured and analyzed with LSM 5 browser software. Z-stack images were taken with 0.5-m intervals and reconstructed in three dimensions using the projection module. For timelapse imaging, cells were grown to log-phase and spotted on top of a 2% agar pad (Tran et al., 2004) .
RESULTS
The S. pombe pxl1 Gene Encodes a Paxillin-related Protein and Localizes to the Division Site in an Actin-dependent Manner
Pxl1p (encoded by SPBC4F6.12) was identified from the S. pombe genome database based on its amino acid sequence similarity to the paxillin-like protein Pxl1p in S. cerevisiae (Gao et al., 2004; Mackin et al., 2004) . Paxillin is a multidomain adaptor protein involved in focal adhesion signaling (Brown and Turner, 2004) . Figure 1A shows the alignment of the amino acid sequence of Pxl1p from S. pombe and S. cerevisiae, as well as paxillin from chicken. LIM (Lin-11, Isl-1, Mec-3) domains are highly conserved double-zinc finger motifs present at the C-termini of paxillin family proteins, and they contain the consensus sequence C-
, where x is any amino acid (Freyd et al., 1990; Michelsen et al., 1993) . Similar to other proteins in the paxillin family, Pxl1p has three LIM domains at its C-terminal region, and they are located between residue 258 and 309, 318 and 360, and 378 and 428 ( Figure 1B ). However, no obvious conservation was detected between the N-terminal parts of these proteins.
To determine the intracellular localization of Pxl1p, we made a pxl1-5Gly-GFP strain (referred to as pxl1-GFP, whose expression was under control of the native promoter sequence) in which one pentaglycine linker and the GFP sequence were fused to the C-terminal part of the pxl1 coding sequence. Pxlp was detected at the division site in cells undergoing cytokinesis ( Figure 2A ). Localization of Pxl1p is different from that of its budding yeast homolog Pxl1p, which localizes to both polarized growth sites and the cell division plane (Gao et al., 2004; Mackin et al., 2004) . The intracellular distribution of Pxl1p was reminiscent of the components of the contractile actomyosin ring. To address if Pxl1p assembled into a ring structure, we used confocal microscopy and acquired Z-section images of cells expressing pxl1-GFP. Three-dimensional (3D) reconstruction of these images showed that Pxl1p-GFP indeed formed ring structures of varying diameters in cells undergoing cytokinesis ( Figure 2B , cell a displays a larger ring, whereas cell b displays a smaller ring). Based on this observation, Pxl1p-GFP appeared to form a contractile ring structure during cytokinesis. To test this, we also monitored the dynamics of Pxl1p-GFP by time-lapse confocal microscopy using a fission yeast strain expressing pxl1-GFP and sid4-GFP, a spindle pole body protein that served as a marker for cell cycle progression (Chang and Gould, 2000) . Time-lapse imaging showed that Pxl1p-GFP accumulated at the division site and constricted during septation ( Figure 2C ). Although the myosin light chain Cdc4p assembled into a ring structure earlier than Pxl1p ( Figure 2D , cells a and b), these proteins colocalized during late stages of mitosis and cytokinesis ( Figure 2D , cells c-f). Taken together, these data indicated that Pxl1p localizes to the division site as a ring that constricts during cytokinesis.
Because Pxl1p localizes to the division site and appears to be one component of the actomyosin ring, we asked whether the actin cytoskeleton and other actomyosin ring components were required for its localization to the medial ring. To test the role of F-actin in Pxl1p localization, we synchronized cdc25-22 cells expressing pxl1-GFP at G2/M by shift to the restrictive temperature of 36°C for 3.5 h and synchronously released to the permissive temperature of 24°C in the presence of LatA, which prevents actin polymerization (DMSO was used as a solvent control). After 1 h, the Pxl1p-GFP signal appeared in the medial region in most cells treated with DMSO, but this signal was not detected in the medial cortex of cells treated with LatA ( Figure 3A ). In addition, although Pxl1p was able to localize to actomyosin rings in wild-type cells cultured at 36°C, Pxl1p was unable to localize to the medial cortex in cdc3-124 (profilin), cdc12-112 (formin), cdc15-140 (F-BAR/FCH domain protein), rng2-D5 (IQGAPrelated), and myo2-E1 (type II myosin heavy chain) mutants cultured at 36°C ( Figure 3B ). These data suggested that the actin cytoskeleton and a stable actomyosin ring are essential for the accumulation of Pxl1p at the division site. Pxl1p localized normally in cells treated with BFA (an inhibitor of vesicle trafficking) and in cells lacking microtubules ( Figure  3C ). Collectively, our experiments indicated that Pxl1p localizes to the division site in a vesicle-trafficking and microtubule-independent manner and requires F-actin and other actomyosin ring proteins for its assembly at the division site.
pxl1⌬ Cells Display Cell Separation Defects That Might Arise from Compromised Actomyosin Ring Function
To understand the function of Pxl1p in S. pombe, a pxl1 deletion strain (referred to as pxl1⌬ hereafter) was generated using PCR-based homologous recombination. The entire pxl1 open reading frame was deleted and replaced with the ura4 ϩ marker. Cells lacking Pxl1p were viable and did not show any obvious growth defect on agar plates or in liquid medium at temperatures ranging from 24 to 36°C. Microscopic observation, however, revealed that the percentage of septated cells was significantly higher in pxl1⌬ cells, compared with wild-type cells, suggesting a role for Pxl1p in cell separation ( Figure 4A ). To analyze this cell separation phenotype more carefully, we stained wild-type and pxl1⌬ cells with DAPI and aniline blue to visualize nuclei and septum, and quantified the percentage of cells with septa as well as the number(s) of septa in individual cells. Interestingly, 42% of asynchronously growing pxl1⌬ cells displayed one sep-tum, whereas only 13% of wild-type cells possessed a septum under the same conditions ( Figure 4B ). In addition, 3% of pxl1⌬ cells had two or three septa ( Figure 4B ). Figure 4C shows several examples of pxl1⌬ mutant cells stained with DAPI and aniline blue. We also noticed that the cell separation phenotype varied at different temperatures and was much stronger when grown in fresh medium after reinoculation (our unpublished data). From these observations, we concluded that Pxl1p is required for efficient cell separation in S. pombe.
The phenotype of pxl1⌬ cells is similar to that of mutants defective in known components of the cell separation machinery, such as septins, Mid2p, Agn1p, and Eng1p (Berlin et al., 2003; Martin-Cuadrado et al., 2003; Tasto et al., 2003; An et al., 2004; Dekker et al., 2004; Garcia et al., 2005; MartinCuadrado et al., 2005) . Because the septin ring structure is important for physical separation of S. pombe cells, we first examined the distribution of septin proteins in pxl1⌬ mutant cells. A pxl1⌬ strain expressing Spn1p-GFP fusion protein was generated and the localization of Spn1p was examined by confocal microscopy. We found that the localization of Spn1p, which localizes to single or double rings in wild-type cells, was unaffected in pxl1⌬ mutant cells ( Figure S1A) . Furthermore, the septin rings in wild-type and pxl1⌬ cells did not show any obvious differences in stability ( Figure  S1B ). Localization of Mid2p, a protein that regulates septin dynamics, was also unaffected in cells deleted for pxl1 (Figure S1C ). These data together suggest that the septin ring and its regulators are organized properly in pxl1⌬ cells. The glucanases Agn1p and Eng1p localize to the division site after septation and are important for degradation of the primary septum and cell separation. We found that the localization of both Agn1p and Eng1p was unaffected in pxl1⌬ cells ( Figure S1 , D and E). These observations estab- lished that pxl1⌬ cells are not defective in localizing several known components of the cell separation machinery.
We then set out to understand the basis of the cell separation defects in pxl1⌬ cells. Previous studies have shown that a defect in cell separation can arise from mutations that partially affect assembly and/or function of the actomyosin ring. For example, cells defective for the type II myosin heavy-chain Myp2p and the myosin regulatory light-chain Rlc1p exhibit a strong defect in cell separation that arises from improper assembly and function of the actomyosin ring (Bezanilla et al., 1997; Motegi et al., 1997; Le Goff et al., 2000; Naqvi et al., 2000) . We therefore considered the possibility that pxl1⌬ cells might be defective for actomyosin ring function. Previous studies have shown the protein phosphatase Clp1p plays an essential role in promoting fidelity of cytokinesis in cells in which the cytokinetic machinery is partially compromised (Cueille et al., 2001; Trautmann et al., 2001; Mishra et al., 2004) . For example, although cells lacking Myp2p or Rlc1p are viable, loss of these proteins in the absence of Clp1p function leads to a strong and deleterious effect characterized by the accumulation of multinucleate cells and lethality . We therefore tested if combined loss of Pxl1p and Clp1p led to a synthetic interaction. To this end we created double mutants lacking Pxl1p and Clp1p. Interestingly, we found that the double mutant grew more slowly compared with either single mutant (our unpublished data). To examine the phenotype of the double mutants closely, these cells were grown in YES plus 1.2 M sorbitol medium and fixed and stained with aniline blue and DAPI. We found that 37% of the pxl1⌬ clp1⌬ double mutant cells accumulated more than four nuclei in one compartment (n ϭ 500), which was never found in either of the single mutants ( Figure 4D ). Other cell separation mutants such as ace2⌬ did not display deleterious interactions with clp1⌬ mutants ( Figure 4E ). These genetic studies, indirectly, pointed to a role for Pxl1p in actomyosin ring function.
Pxl1p Is Important for Actomyosin Ring Integrity during Cytokinesis
Genetic evidence from the pxl1⌬ clp1⌬ double mutant revealed that the actomyosin ring was not fully functional in pxl1⌬ mutant cells. We therefore investigated the organization of the actomyosin rings in pxl1⌬ cells. To visualize the actomyosin ring, we first introduced rlc1-GFP into the pxl1⌬ mutant (Naqvi et al., 2000) . Interestingly, we found that organization of Rlc1p-GFP was abnormal compared with wild-type cells. In wild-type cells, Rlc1p-GFP appeared as a broad band or a single ring structure in the medial region of Figure 5A ). However, in pxl1⌬ mutant cells, Rlc1p-GFP frequently appeared as a double ring structure ( Figure  5A ). Quantification showed that 15% of cells undergoing cytokinesis displayed this double ring structure that was never observed in wild-type cells (n ϭ 100). Closer examination by confocal microscopy also showed that pxl1⌬ cells had only a single unconstricted actomyosin ring in early mitosis, which is similar to what we observed in wild-type cells ( Figure 5B, cells a and c) . However, at later stages of the cell cycle, pxl1⌬ cells contained one constricting ring and one unconstricted ring, which were close to each other ( Figure  5B , cells b and d). In the remainder of the study, we refer to the constricting ring as the primary ring (arrow in Figure 5B , cell d), and the unconstricted ring as the secondary ring (star in Figure 5B, cell d) .
In fission yeast, the actomyosin ring structure is composed of more than 20 proteins, including F-actin (Wu et al., 2003; Balasubramanian et al., 2004) . We therefore wondered whether the secondary ring structure also contains F-actin. To this end, we performed immunofluorescence studies to observe Cdc4p (the essential light chain of myosin II; McCollum et al., 1995) and F-actin simultaneously in pxl1⌬ mutant cells. DAPI, ␣-cdc4 antibodies and phalloidin were used to visualize nuclei, Cdc4p and F-actin, respectively. We observed that both Cdc4p and F-actin were present in the primary and secondary ring structures in pxl1⌬ mutant cells ( Figure 5C ). This suggested that the secondary ring structure indeed contains F-actin and myosin.
This unusual appearance of a double ring structure in pxl1⌬ cells suggested two possibilities. It was possible that the secondary ring was assembled de novo. Alternatively, it was possible that splitting of a fully formed actomyosin ring generated the secondary ring. To distinguish between these possibilities, we monitored the dynamics of the actomyosin ring during the cell cycle by time-lapse microscopy in wildtype and pxl1⌬ cells. In wild-type cells, actomyosin rings assembled early in mitosis and underwent orderly constriction upon mitotic exit ( Figure 5D , cell a). Interestingly, in pxl1⌬ cells, although assembly of the actomyosin ring occurred as in wild-type cells, these rings were found to split concomitant with initiation of constriction of the fully formed ring leading to the formation of the primary (constricting) and secondary (unconstricted) rings ( Figure 5D , cell b). We also observed that the secondary ring was disassembled at later time points ( Figure 5D , cell c). These results indicated that the Pxl1p is required to maintain integrity of the actomyosin ring during its constriction. The observation that metaphase arrested pxl1⌬, like metaphase arrested wild-type cells, assembled normal actomyosin rings ( Figure  5 , E and F), further indicated that Pxl1p function might be important only during later stages of cytokinesis.
Assessment of Localization of Various Cytokinetic Proteins to the Secondary Rings
We then tested whether several proteins known to regulate various steps of cytokinesis localized to the secondary rings during constriction of the primary ring. Mid1p, a PH domain protein known to be important for ring positioning, localizes to the ring until before constriction and localizes to the nucleus during ring constriction (Chang et al., 1996; Sohrmann et al., 1996; Paoletti and Chang, 2000) . Mid1p was detected in the nucleus during constriction of the primary ring and was not detected in the secondary ring ( Figure 6A ). Previous studies have shown that the Cdc7p-kinase localized to one spindle pole body during later stages of cytokinesis (Sohrmann et al., 1998; Krapp et al., 2004) . Given the presence of two rings in pxl1⌬ cells we assessed if Cdc7p was found proximal to either the primary or secondary rings. Cdc7p was randomly distributed with respect to the primary rings ( Figure 6B ; of 11 cells counted Cdc7p was proximal to the primary ring in six cases and to the secondary ring in five cases). Two components of the cell separation apparatus (Spn1p-septin, which assembles double rings) (Berlin et al., 2003; Tasto et al., 2003) and Agn1p (␣-glucanase; Dekker et al., 2004; Garcia et al., 2005) were only found in the vicinity of the primary ring and were not obviously visualized near the secondary rings ( Figure 6, C and D) . These experiments established that upon constriction of the primary ring, the secondary ring remained "inert" and did not undergo constriction and did not support accumulation of proteins acting in late steps in cytokinesis. -124, cdc12-112, cdc15-140, rng2-D5 , and myo2-E1 expressing pxl1-GFP were grown at 24°C and shifted to 36°C for 3-4 h. Images were taken both at 24 and 36°C. (C) Localization of Pxl1p is independent of vesicle trafficking and microtubules. Left panels, cdc25-22 cells expressing pxl1-GFP were treated similarly as in A except for release in the presence of brefeldin A (BFA) or ethanol. Right panels, nda3-KM311 cells expressing pxl1-GFP were grown at 32°C and shifted to 19°C for 6.5 h. Scale bar, 5 m.
Pxl1p Regulates Actomyosin Ring Constriction and Exhibits Genetic Interactions with Type II Myosin
Asynchronous cultures of pxl1⌬ are enriched for septating/ septated cells. Because pxl1⌬ cells were not defective in the localization of several cell separation molecules, we considered the possibility that Pxl1p might be important for optimal constriction of the actomyosin ring. If this were true, the percentage of cells with an actomyosin ring would be higher in mutant cells. In wild-type cells, 21% of cells from an asynchronous culture displayed an actomyosin ring. Interestingly, however, the percentage of pxl1⌬ cells with an actomyosin ring was increased to 49% ( Figure 7A ). The presence of a higher proportion of cells with rings was consistent with the idea that the rings in pxl1⌬ cells might constrict more slowly compared with those in wild-type cells. To examine this more precisely, we measured the actomyosin ring constriction rate in wild-type and pxl1⌬ cells. The rate of ring closure in wild-type cells was ϳ0.130 m/min (n ϭ 10). However, the rate in pxl1⌬ mutant cells was ϳ0.072 m/min (n ϭ 10; including three constricting rings in cells with a double ring structure; Figure 7 , B and C). These data indicated that Pxl1p might play a role in proper constriction of the actomyosin ring.
To identify molecules that might interact with Pxl1p, we carried out genetic crosses between pxl1⌬ and actomyosin ring assembly/function mutants cdc3-124, cdc4-8, cdc8-110, cdc12-112, cdc15-140, rng2-D5, rng3-65, myo2-E1, rlc1⌬ , and myp2⌬. After examination of these double mutants, we found that pxl1⌬ displays synthetic lethality with cdc4-8 and myo2-E1. In addition, we observed strong genetic interactions between pxl1⌬ and rng2-D5 as well as pxl1⌬ and rlc1⌬ (Table 2) . pxl1⌬ cells did not exhibit appreciable genetic interactions with mutants such as cdc3 -124, cdc8-110, cdc12-112, and cdc15-140 , which are known to be defective in F-actin assembly. Thus, it appeared that Pxl1p might interact with components of the type II myosin machinery and Rng2p to regulate aspects of cytokinesis.
LIM Domains Are Required for Pxl1p Function
Pxl1p, like other members of the paxillin family, contains three tandem LIM domains at its C terminus. To determine the function of these conserved LIM domains, we generated a C-terminal truncated protein by introducing ura4 ϩ marker into the pxl1 coding region. The strain we obtained was named pxl1-lim⌬, in which the three LIM domains were deleted. Microscopic examination of pxl1-lim⌬ cells showed that they had the same cell separation defect as pxl1⌬ cells ( Figure 8A ). This result indicates that LIM domains are necessary for Pxl1p function. To investigate whether LIM domains are sufficient for Pxl1p function, we also tested if the LIM domains could rescue the cell separation phenotype in the pxl1⌬ mutant. To this end, several plasmids that contain pxl1 full-length, N-terminal part and C-terminal part were constructed and transformed into pxl1⌬ mutant cells. Interestingly, the plasmid pREP81-pxl1-N did not rescue the mutant phenotype, whereas pREP81-pxl1-C and pREP81-pxl1 completely rescued the cell separation defect ( Figure  8B ). Figure 8C shows the quantification of the percentage of cells with septa as well as the number(s) of septa. Thus, LIM domains themselves are sufficient to carry out Pxl1p function. In addition, we also made GFP-tagged constructs for different parts of Pxl1p. Surprisingly, we found that both Nand C-terminal truncated proteins localized to the division site in septating cells, as did full-length Pxl1p ( Figure 8D ). In addition, the C-terminal part of Pxl1p that contains the three LIM domains was also present in the nucleus (Figure 8D , arrow). This suggests that targeting of Pxl1p to the division site can occur through its N-terminal part or through the LIM domains at its C terminus. Together, these data indicated that LIM domains are essential for Pxl1p function.
DISCUSSION
S. pombe Paxillin-related Protein, Pxl1p, Is a Component of the Actomyosin Ring
In this study, we have characterized the single paxillinrelated protein from the fission yeast, Pxl1p, which like other members of this family contains 3 LIM domains. Interestingly, previous microarray analyses have shown that the transcript of Pxl1 peaks during late mitosis, suggesting a role for this protein in the regulation of actin and/or myosin function during cytokinesis (Rustici et al., 2004; Oliva et al., 2005; Peng et al., 2005) . Although pxl1-transcript has been shown to undergo sixfold increase during mitosis and cytokinesis, the protein levels fluctuated less dramatically and could be at best seen to fluctuate in less than a twofold range ( Figure S2 ). We have found that S. pombe Pxl1p is a component of the actomyosin ring, a structure that assembles during mitosis and is essential for cell division. Unlike its budding yeast, Dictyostelium, and mammalian counterparts, however, S. pombe Pxl1p was not detected at sites of cellular polarization. Because fission yeast cells lacking Pxl1p are defective in cytokinesis, but not in polarized growth, it is likely that Paxillins might be used for different physiological end points in different organisms. Whether mammalian Paxillins participate in cytokinesis has not been addressed.
In S. pombe, assembly of the actomyosin ring occurs in a series of distinct steps (Wu et al., 2003 (Wu et al., , 2006 . The earliest detected protein is Mid1p, which is detected at the medial cortex, almost throughout the cell cycle. A large number of proteins, including the formin-Cdc12p, Fer-Cip domain protein Cdc15p, type II myosin components, Myo2p, Cdc4p, and Rlc1p assemble into nodes and/or spot-like structures late in G2 (Wu et al., 2006) . On entry into mitosis, nodes composed of the above mentioned proteins and F-actin compact into an orthogonal actomyosin ring (Wu et al., 2006) , which constricts upon completion of anaphase. Interestingly, we have been unable to detect Pxl1p in nodes in G2 cells and in rings in early mitotic (metaphase and anaphase A) cells. Thus Pxl1p localizes relatively later in mitosis compared with elements of the type II myosin machinery. Localization of Pxl1p to the division site in fission yeast requires the function of an intact F-actin cytoskeleton and other actomyosin ring components and is independent of vesicle trafficking and microtubules. Thus Formin mediated assembly of F-actin early in mitosis might help recruit Paxillin to the division site.
It has been shown that the LIM domains of paxillin can assemble at the focal adhesion site themselves, suggesting an important role of LIM domains in the distribution of paxillin (Brown and Turner, 2004) . Consistent with this, we have found that the three LIM domains of Pxl1p can accumulate at the division site. Interestingly, the N-terminal region of Pxl1p also localizes to the division site. We suspect that the ability of both N-terminal part and Cterminal LIM domains to target Pxl1p to the division site helps this protein to localize efficiently. In addition, the LIM domains of Pxl1p also display strong nucleus localization. Previous studies have shown that LIM domaincontaining proteins can shuttle from the nucleus to the cytoplasm, which might play a role in transcription (Brown and Turner, 2004) . It is not known whether the LIM domains of Pxl1p have a function in the regulation of transcription in S. pombe.
Pxl1p Functions to Stabilize the Actomyosin Ring during Cytokinesis
What is the function of Pxl1p in the actomyosin ring? Cells lacking Pxl1p are viable. However, asynchronous cultures of pxl1⌬ contain a high proportion of septating and/or septated cells. Curiously, a number of known components of the cell separation machinery display normal localization in the absence of Pxl1p, indicating that, despite the cell separation-defective phenotype, Pxl1p is unlikely to be involved in the organization of cell separation apparatus. Interestingly, a simultaneous loss of Pxl1p and the protein phosphatase Clp1p, a key element of the cytokinesis checkpoint, Wild-type and pxl1⌬ mutant cells expressing rlc1-GFP were grown at 24°C and observed by fluorescence microscopy. The number of cells with Rlc1p ring was quantified (n ϭ 500). (B) Rate of ring constriction is constant in both wild-type and pxl1⌬ mutant cells. Wild-type cells expressing rlc1-GFP were grown at 24°C and observed by time-lapse confocal microscopy. Z-stack images were taken at different time points. 3D-reconstruction images are shown at a 45°angle. The diameter of the Rlc1p ring was measured and plotted over time. Two examples from wild-type and pxl1⌬ mutant cells are shown, and the rate of ring constriction was calculated using the stated formula. d n represents the diameter of the actomyosin ring at the time t n . (C) Rate of ring constriction is slower in pxl1⌬ mutant cells. Wild-type and pxl1⌬ mutant cells expressing rlc1-GFP were treated and observed as in B, and the calculation of the rate of ring constriction was based on the formula in B (n ϭ 10).
leads to a severe cytokinesis-defective phenotype characterized by the accumulation of a high proportion of multinucleate cells. Previous studies have shown that mutants defective in components of the actomyosin ring, such as the type II myosin heavy and light chains, display cell separation defects and similar genetic interactions with clp1⌬ mutants . Because mutants defective in bona fide elements of the cell separation machinery, such as ace2⌬ does not give rise to multinucleated cells in combination with clp1⌬, it is likely that Pxl1p might regulate aspects of actomyosin ring function directly. Because genetic interactions are detected between pxl1⌬ and myo2-E1, rng2-D5, rlc1⌬, and cdc4-8, but not with Cdc3-profilin and Cdc8-tropomyosin, it is likely that Pxl1p might affect the function of type II myosin and Rng2p during cytokinesis.
Analysis of actomyosin ring dynamics in pxl1⌬ cells revealed a novel phenomenon characterized by splitting of the actomyosin ring during constriction. This, to our knowledge, is the first instance in which such a ring-splitting phenotype has been observed. We have shown that Cdc7p, which localizes to one SPB during cytokinesis is distributed randomly with respect to the primary and secondary rings. We have also shown that Mid1p, which normally leaves the actomyosin ring during constriction, is not detected in the secondary rings, upon constriction of the primary rings. Finally, we have shown that the elements of the cell separation machinery, such as Spn1p-septin and a-glucan synthase are recruited to the primary, but not the secondary, rings. Although the basis of this phenotype is not fully understood, we consider two possible explanations. First, it is possible that the actomyosin ring is composed of two or more concentric rings. Second, it is possible that the actomyosin ring may be organized as a spiral in which certain positions might be more sensitive to severing. In both of these scenarios, Pxl1p might prevent unraveling and severing of the ring structure. It also indicates that the properties of the actomyosin ring may be different before and during its constriction, and the late ring structure may be more sensitive to perturbation compared with the early mitotic ring structure.
We have also shown that the rate of actomyosin ring constriction is slower in pxl1⌬ mutant cells. Cells with a single (unsplit) ring also display slow constriction, suggesting that the slow constriction is unlikely to be due to splitting of the actomyosin ring. Because genetic interactions have been detected between pxl1⌬ and type II myosin mutants, Pxl1p, by modulating myosin II function, might regulate proper constriction of the actomyosin ring. However, the mechanism of this regulation is unclear because, presently, we have been unable to detect any physical interaction between Pxl1p and myosin II (our unpublished data). Because pxl1⌬ cells also display genetic interactions with rng2-D5 mutants, the slow down of ring constriction rates might also reflect potential interactions between Pxl1p and Rng2p that might influence ring contractility. In summary, we have shown that fission yeast Paxillinrelated protein plays a key role in modulating myosin II and Rng2p-IQGAP function during cytokinesis. In addition, Pxl1p also ensures integrity of the actomyosin ring during cytokinesis. Future studies should investigate the potential interactions between Pxl1p, Rng2p, and myosin II, as well as to examine the molecular basis of actomyosin ring splitting in fission yeast cells lacking Pxl1p. It will also be of interest to determine if paxillins perform similar functions in metazoans.
